We have identified and characterized an origin of DNA replication in the genome of the human herpesvirus, varicella-zoster virus (VZV). This origin of replication (VZV ORIs) is located within the major inverted repeats in a position equivalent to that occupied by one of the herpes simplex virus type 1 (HSV-1) replication origins. Products encoded by both VZV and HSV-1 activate cloned copies of VZV ORIs, generating high molecular weight molecules consisting of tandem duplications of the input plasmid. The VZV ORIs region contains a tract of alternating A and T residues located at the centre of symmetry of an almost perfect palindrome of 45 bp, and the use of plasmid deletion mutants has demonstrated that this tract is an important functional element of the origin. Two sequences common to the VZV ORIs region and the regions specifying the two HSV-1 origins (ORIs, located within the TRs/IRs regions, and ORIL, located within the UL region) were identified and these may represent important recognition sites. One is an 11 bp sequence (CGTTCGCACTT), and the other is represented by the tract of alternating A and T residues. VZV does not appear to contain an origin of replication in a position equivalent to that of HSV-10RIL.
INTRODUCTION
Varicella-zoster virus (VZV) and herpes simplex virus type 1 (HSV-1) are human herpesviruses which belong to the subfamily Alphaherpesvirinae (Matthews, 1982) . The genomes of these viruses are linear double-stranded DNA molecules which contain approximately 46 ~o and 67 ~ guanine plus cytosine respectively (Ludwig et al., 1972; Kieffet al., 1971) . Despite this difference, molecular hybridization and DNA sequence studies have revealed that the two viruses have a similar gene arrangement and have allowed functions to be tentatively assigned to a number of VZV gene products which exhibit homology to well studied HSV-1 counterparts (Davison & Wilkie, 1983; McGeoch, 1984; Davison & McGeoch, 1986) .
The HSV-1 genome is approximately 155 kbp in size and consists of two regions of unique sequences (UL and Us) each bounded by a set of inverted repetitions (IRL/TRL and IRs/TRs in Fig. 1 ; for review, see Roizman, 1979) . Origins of DNA replication have been located in two distinct regions, namely close to the centre of UL (ORIL; Spaete & Frenkel, 1982; Weller et al., 1985) and within the inverted repeats IRs and TRs (ORIs; Stow, 1982; Mocarski & Roizman, 1982) . The cis-acting signals required for ORI s activity reside within a 90 bp segment which contains an almost perfect palindromic sequence of 45 bp (Stow & McMonagle, 1983) . Deletion of sequences forming part of the palindrome abolished origin function, demonstrating their essential role in D NA replication (Stow, 1985) . The ORIL region, in contrast, contains a perfect palindrome of 144 bp which can be aligned with the ORIs sequence to reveal a high degree of homology (859/0 identical residues) throughout the ORIs palindrome and extending approxi- Gibbs et al., 1985) , whereas the genes flanking ORIs belong to the immediate-early class. These specify the polypeptides Vmw175 (from both IRs and TRs) and either Vmw68 or Vmwl2, which are encoded by mRNAs initiated within IR s and TRs respectively (recently reviewed by Wagner, 1985) .
The VZV genome is smaller (125 kbp) than that of HSV-1 and contains inverted repeats of only 88 bp flanking the UL region (Davison, 1984) . Nevertheless, sequence comparisons have revealed that genes encoding products homologous to the HSV-1 DNA polymerase and major DNA-binding protein, and to Vmw175 and Vmw68 are similarly arranged as divergently transcribed pairs (Davison & Scott, 1985 . In this paper we describe assays for the presence of origins of DNA replication in these regions, and demonstrate the essential role of a previously noted palindromic sequence located between the coding sequences of the Vmw175 and Vmw68 homologues (Davison & Scott, 1985) . Further, this VZV origin can also be activated by HSV-1 gene products and contains two short nucleotide tracts identical to regions within HSV-10RIs and ORIL which may represent important evolutionarily conserved replication elements. In contrast to HSV-I, VZV does not appear to contain an origin of replication between its DNA polymerase and major DNA-binding protein genes.
METHODS

Cell and viruses.
Eagle's medium was supplemented with 10 % tryptose phosphate broth and 10~ calf serum for the growth of baby hamster kidney 21 clone 13 (BHK) cells (Macpherson & Stoker, 1962) , and with 10~ foetal calf serum for the growth of human foetal lung (HFL) fibroblasts (Flow Laboratories, 2002) . Subconfluent monolayers of these cells in 50 mm plastic Petri dishes were used for DNA transfections. VZV, of the strain described by Dumas et al. (1981) , was propagated in HFL cells. Virus stocks were prepared by trypsinization of infected cell monolayers exhibiting approximately 80~ c.p.e., and were stored at -180 °C in the presence of 10% DMSO. Wild-type HSV-1 (Glasgow strain 17) was propagated in BHK cells and stocks were prepared by extensively sonicating the infected cells in a small volume of growth medium.
Analysis ofplasmid replication. Replication experiments were performed as described by Stow & McMonagle (1983) . Briefly, monolayers of cells were transfected with supercoiled plasmid DNA in the presence of calf thymus carrier DNA using the calcium phosphate technique followed by a DMSO boost. Each monolayer received 0-24 ~tg pATI53 DNA or amounts of recombinant plasmids containing equivalent numbers of molecules. Six h after transfection the cells were either mock-infected or superinfected with VZV or HSV-1. VZV superinfections were performed by adding one-fifth of the infected cells from a 50 mm Petri dish to each monolayer, and cellular DNA was prepared when the plates exhibited approximately 80% c.p.e. (usually 3 to 4 days post-infection). Infections with HSV-1 were performed at a multiplicity of 5 p.f.u./cell and cellular DNA was prepared 16 h post-infection. An incubation temperature of 37 °C was used throughout. Total cellular DNA was prepared and analysed by Southern blot hybridization with pAT153 DNA, 32p-labelled in vitro, as previously described .
Plasmids. Plasmid pS1 (Stow & McMonagle, 1983 ) contains a 537 bp Sau3AI fragment specifying a functional ORIs inserted into the BarnHI site of the vector pAT153. Plasmids pVKq, pVKr and pVKs contain respectively the VZV KpnI fragments q, r and s inserted by a dG/dC tailing procedure into the PstI site of pAT153 (Davison & Scott, 1983) . A 259 bp fragment produced by P, saI plus ClaI cleavage of pVKr (nucleotides 5502 to 5760 of the TRs/IRs sequence of Davison & Scott, 1985) was cloned between the EcoRI and Clal sites of pAT153 following the ligation of an EcoRI linker to the RsaI terminus, generating plasmid pVO2. S1 nuclease treatment of pVO2 was essentially as described previously (Stow, 1985) with the exception that immediately prior to treatment the plasmid was incubated for 10 min at 20 °C in 0.2 M-NaOH, cooled on ice, and neutralized using 1 M-HCI in order to enrich for initially supercoiled molecules. Linear molecules were purified from a sample in which S1 digestion had resulted in the presence of approximately equivalent amounts of supercoiled circular, relaxed circular and linear molecules. The linear molecules were recircularized by ligation and used to transform Escherichia coli DH1 to ampicillin resistance (Hanahan, 1983) . Plasmid DNA was purified as described previously (Davison & Wilkie, 1981) . DNA sequencing of mutant plasmids was performed using the protocols of Maxam & Gibert (1980) , which is flanked by genes encoding the viral DNA polymerase (pol: Quinn & McGeoch, 1985; Gibbs et al., 1985) and major DNA-binding protein (dbp; Quinn & McGeoch, 1985) . The HSV-1 UL region has been inverted with respect to the prototype genomic configuration (Roizman, 1979) so that its gene arrangement is colinear with that of VZV UL (Davison & Wilkie, 1983) . O indicates the 90 bp region which contains the sequences essential for HSV-I ORIs activity (Stow & McMonagle, 1983) . The IRs copy is flanked by genes encoding immediate-early polypeptides of approximate mol. wt. 175000 (175K) and 68000 (68K). A 12000 mol. wt. polypeptide, encoded by the opposite side of Us from 68K, lies adjacent to the TR s copy (Wagner, 1985) . S indicates the Sau3AI sites defining the insert of plasmid pSI. The VZV genome shows the positions of the KpnI q, r and s fragments, and the sequences which specify polypeptides homologous to the HSV-1 products illustrated in the upper part of the figure (Davison & Scott, 1983 . The 140K and 30K polypeptides are both encoded entirely within the inverted repeats. A indicates the 259 bp RsaI plus ClaI fragment subcloned from KpnI r (K, KpnI sites).
RESULTS
Identification of VZV DNA fragments containing origins of DNA replication
In our previously described assay for the presence of a functional HSV-1 origin of DNA replication within a cloned viral fragment, permissive BHK cells were transfected with circular plasmid molecules and superinfected with 5 p.f.u./cell wild-type HSV-I to provide trans-acting replication functions. Total cellular DNA was extracted following a single cycle of virus replication and amplification of the input plasmid, indicative of the presence of a functional viral origin, was assessed by hybridization to a probe containing labelled plasmid vector sequences (Stow & McMonagle, 1983) .
To adapt this approach to the study of VZV origins two modifications were made. First, because BHK cells are non-permissive for VZV DNA replication, permissive HFL cells were used for transfections. Second, because it was not possible to perform high multiplicity infections with virus particles, VZV-infected cells were added to the transfected monolayers and the infection was allowed to spread gradually throughout the plate during the course of 3 to 4 days.
The plasmids tested in initial experiments contained the fragments indicated in Fig. 1 . Plasmid pSI contained a 537 bp fragment from entirely within the TRs/IRs regions of HSV-1 which includes a functional ORIs (Stow & McMonagle, 1983) . The VZV KpnI r fragment (1311 bp) present in pVKr similarly originated from within the TRs/IRs regions and contained a 45 bp palindromic sequence which, it was suggested, might represent a component of a viral origin (Davison & Scott, 1985) . A 259 bp fragment also containing the palindrome was subcloned from pVKr to generate pVO2. Plasmids pVKq and pVKs contained the VZV KpnI q (1589 bp) and KpnI s (1272 bp) fragments respectively. KpnI s encodes the N terminal regions of VZV polypeptides homologous to the HSV-1 DNA polymerase and major DNA-binding protein between which the palindromic sequence of H S V -1 0 R I L is located. No corresponding palindromic sequence is present within the cloned VZV KpnI s fragment. Plasmid pVKq was employed as a control plasmid similar in size to pKVr and pKVs. The plasmids were transfected into HFL cells which were subsequently either mock-infected or infected with VZV. In addition, one plate which received pSI was superinfected with HSV-1 strain 17 to determine whether the activity of this known origin could be detected in HFL cells. DNA was extracted 3 days post-infection (or 16 h post-infection from the plate which received HSV-1) and samples were digested with a combination of EcoRI and DpnI. Unreplicated input plasmid molecules are susceptible to DpnI because, having been propagated in a dam + strain of E. coli (DH 1), they contain GATC recognition sequences in which the A residues of both strands are methylated (Lacks & Greenberg, 1977) . In contrast, plasmid molecules replicated in eukaryotic cells no longer contain fully methylated recognition sites and are consequently resistant to DpnI cleavage, enabling them to be separated from unreplicated species.
The products of digestion were resolved by agarose gel electrophoresis, transferred to nitrocellulose and hybridized to 32p-labelled pAT153 DNA. The results are presented in Fig.  2(a) which demonstrates the presence of small DpnI fragments, resulting from cleavage of unreplicated input DNA, in each sample. DpnI-resistant fragments were produced in only three instances. Replication of plasmid pS 1 in the presence of HSVol helper indicated that the activity of a known origin (HSV-10RIs) can readily be demonstrated in transfected HFL cells. VZVencoded functions facilitated the replication of plasmids pVKr and pVO2, but not pVKs or pVKq, indicating that a VZV origin of D N A replication resides within the 259 bp region of KpnI r also present in pVO2. This origin, which occurs in both inverted repetitions, TRs and IRs, will be referred to as VZV ORIs. Functional origins were not detected in KpnI q and KpnI s, and in addition, HSV-I ORIs was not detectably activated by VZV. The above plasmids were also tested for their ability to replicate in the presence of HSV-1 helper following transfection into BHK cells. Fig. 2 (b) confirms previous observations that pS1 is replicated efficiently under these conditions. Densitometric scanning of the autoradiographs indicated that the yield of replicated pS1 DNA was approximately ninefold higher from BHK cells than from HFL cells transfected and infected in parallel. This difference probably results from the greater susceptibility of the former cells to transfection (N. D. Stow, unpublished observations). Like VZV, HSV-1 potentiated the replication of pVKr and pVO2 but not pVKq and pVKs. The yields of replicated pVKr and pVO2 were, however, 18-and 28-fold lower than the yield of pS1 from BHK cells.
The VZV KpnI s fragment does not suffer a large deletion upon cloning
It has previously been observed that the 144 bp palindromic sequence within the HSV-1 ORIL region is not stable in E. coli plasmids, and cloned fragments from this region of the genome invariably contain 60 bp or larger deletions (Quinn & McGeoch, 1985; Weller et al., 1985) . A similar situation might possibly explain the failure to detect a VZV origin of replication in a position equivalent to that of HSV-I ORIL. The sizes of fragments generated from this region of the genome were therefore compared using DNA cloned into plasmids or isolated directly from virus particles.
Virion DNA, and plasmids pVKs and pVHd (which contains the HindIII d fragment including the entire KpnI s region, and also fails to replicate in the presence of VZV helper) were digested with KpnI alone, KpnI plus BglI, or KpnI plus DraI. The resulting fragments were separated by electrophoresis through an agarose gel, transferred to nitrocellulose and hybridized to 32P-labelled KpnI s DNA. An autoradiograph of the filter is shown in Fig. 3 together with the predicted sizes of the fragments. None of the fragments generated from the cloned VZV DNA was detectably smaller than the corresponding fragment from virion DNA, placing a maximum limit of approximately 20 bp upon the size of any deletion which may have occurred. Perfect palindromes of considerably greater than 20 bp in length are maintained in a stable form in E. coli plasmids (Bergsma et al., 1982; Sinden et al., 1983) , and inspection of the DNA sequence of the cloned KpnI s fragment revealed no evidence for the initial presence of a longer palindromic sequence which may have suffered a partial deletion of 20 bp. We therefore consider it unlikely that the cloned fragments differ in sequence from virion DNA and interpret the results as indicating that VZV does not contain an origin of DNA replication in a position equivalent to HSV-10RIL.
Mutagenesis of VZV ORls
The 259 bp fragment containing VZV ORIs includes a 45 bp palindrome, with the sequence (TA)I 6 at its centre, which could represent an essential component of the origin. To test this hypothesis specific deletions were generated within this region, and the resulting plasmids tested for their replicative ability. Mutagenesis was carried out using an approach based upon the observation that S 1 nuclease cleaves many supercoiled plasmids at the sites of short palindromic sequences which appear to adopt cruciform configurations in which short single-stranded regions of DNA are exposed (Lilley, 1980; Panayotatos & Wells, 1981) . Furthermore, it had been reported that S 1 nuclease cleaves the palindromic sequence within the HSV-10RIs region, albeit at rather low efficiency (Stow, 1985) , and that poly(AT) sequences within supercoiled plasmids can exist as cruciforms susceptible to S1 cleavage (Haniford & Pulleyblank, 1985; Greaves et al., 1985) .
Plasmid pVO2 was treated with S1 nuclease, the resulting linear molecules were purified, recircularized by ligation, and reintroduced into E. coli. Approximately 50~ of the resulting clones contained small deletions within the cloned viral insert, and three (pVO35, pVO37 and pVO38) were selected for further study. The DNA sequences in the vicinity of the deletions (Fig.  4) indicate that the poly(AT) region is a major target for S1 nuclease attack. Variation in the sizes of the deletions may result from additional S 1 digestion occurring at the ends of linearized molecules. It was also noted that the sequence (TA)17 occurred within the palindromic region of the parental plasmid, pVO2, in contrast to (TA)16 found in a previously sequenced and Weller et al. (1985) ; HSV-10RIs, nucleotides 568 to 642 as defined by Stow & McMonagle (1983) ; and VZV ORIs, nucleotides 5590 to 5662 of the sequence of Davison & Scott (1985) with an additional AT pair, found in the poly ( (Fig. 5, lane 2b) .
The above results demonstrate that sequences within the 45 bp palindrome constitute an important functional element of VZV ORI s during activation by both VZV-and HSV-1-encoded products.
Structure of the products of replication of plasmids containing VZV ORI s
It was previously shown that, in the presence of HSV-1 helper, plasmids containing HSV-1 ORIs are replicated by a mechanism which generates concatemers consisting of tandem duplications of the input plasmid (Stow, 1982) . To determine the structure of pVO2 replication products, samples of DNA from cells which had received pVO2 and either VZV or HSV-1 as helper were digested with DpnI alone (to which replicated DNA is resistant), or with a combination of DpnI and EcoRI (which cleaves pVO2 once). The digests were subjected to electrophoresis on a 0.5% agarose gel which included intact HSV-1 DNA, uncut pVO2 and EcoRI-digested pVO2 as size markers, and analysed by hybridization to 32p-labelled pATI53 DNA. Fig. 6 demonstrates that in both instances the products of replication were high molecular weight molecules (lanes 1 and 2). Upon digestion with EcoRI, these molecules yielded fragments which co-migrated with linear pVO2 indicating that they consist of tandem duplications of the complete input plasmid. Replicated pVO2 DNA therefore consists of concatemers similar in structure to the tandemly reiterated defective HSV genomes generated by passage of virus at high multiplicities of infection (for review, see Frenkel et al., 1980) , or following transfection with individual fragments or cloned molecules containing functional origins (Vlazny & Frenkel, 1981 ; Stow, 1982) . Although other possibilities can not be rigorously excluded, the concatemeric nature of the pVO2 replication products is consistent with replication occurring through a rolling-circle mechanism similar to that previously proposed for defective HSV genomes. Fig. 4 compares DNA sequences within the regions specifying HSV-10RIs and ORIL, and VZV ORIs. Although the sequence in and around the VZV ORIs palindrome differs markedly from the corresponding regions of HSV-10RIs and ORIL, two interesting conserved regions are present.
Comparison of VZV ORIs with HSV-10RI s and ORIL
All three origins contain short stretches of alternating A and T residues at the centre of the palindromic sequence. The sequences (AT) s and (AT)6 occur within HSV-I ORIL and ORIs whereas the VZV ORIs present within pVO2 contains (TA)17. The importance of the AT stretches in origin function is demonstrated by the reduced replicative ability of plasmids pVO35, pVO37 and pVO38 with both VZV and HSV-1 helper.
The second conserved sequence, CGTTCGCACACTT, occurs twice within the long palindrome of the HSV-10RIL region where it is present as inverted copies. In contrast, the same sequence lies partially within the HSV-10RIs palindrome, and adjacent to but entirely outside that of VZV ORIs (Fig. 4) . Although no mutations specific to this sequence have been described, the observation that it is completely conserved within the above origins suggests that it is likely to play an important role in the initiation of DNA synthesis.
DISCUSSION
The presence within the VZV TRs and IRs regions of an AT-rich sequence capable of forming a hairpin structure, and located in a position equivalent to that of HSV-10RIs, originally led Davison & Scott (1985) to propose that this sequence might form a part of a VZV replication origin. The data presented in this paper demonstrate that a functional origin (VZV ORIs) is indeed located in the intergenic region between the 140K and 30K coding sequences (Fig. 1) , and that sequences contained within the DNA palindrome play an important role in its activation. VZV ORIs represents only the third herpesvirus origin of DNA replication active during lytic virus growth to be characterized. A distinct class of origin (ori-P), important for the maintenance of the Epstein-Barr virus (EBV) genome as an episome in transformed cells, has also been described (Yates et al., 1984) .
An unexpected observation was that in the presence of superinfecting HSV-I, plasmids containing VZV ORIs were able to replicate with approximately 4 or 5 % the efficiency of the HSV-10RIs-containing plasmid, pSI. HSV-l-encoded products involved in the initiation of DNA synthesis thus appear able, either directly or indirectly, to recognize certain features of the VZV ORIs region. In contast, with VZV as helper, and under conditions in which a similar efficiency of replication of pSI relative to pVO2 would readily have been apparent, no DpnIresistant products were observed. This result does not however necessarily exclude the recognition of HSV-10RIs by VZV products, and it remains possible that the origin is activated to an undetectable extent.
The similar behaviour of the deletion mutants pVO35, pVO37 and pVO38 in response to VZV and HSV-1 superinfection indicates that the poly(AT) tract of the 45 bp palindrome plays an important role in facilitating plasmid replication by both viruses. HSV-I ORIs and ORLL each also contain a stretch of alternating A and T residues suggesting that this sequence may be specifically recognized by proteins involved in the initiation of VZV and HSV-1 DNA replication. An additional (or perhaps alternative) factor involved in recognition may be the overall configuration adopted by the palindromic sequences. Interestingly, the HSV-10RIs and VZV ORIs palindromic sequences are of a very similar length, and the decrease in replicative ability of the mutant plasmids is associated with a reduction in size of any hairpin structure they might be capable of forming. The observed cleavage of supercoiled pVO2 DNA by S 1 nuclease is consistent with the VZV ORIs palindrome forming a cruciform, although whether such structures are of importance in vivo remains to be determined.
The simple repeat sequence (AT),, with n ranging from 8 to 34, has also been found in the genomes of several organisms, namely yeast, Dictyostelium, Drosophila, trypanosomes and Xenopus laevis. Hybridization experiments showed that particularly high copy numbers (approximately 104 per haploid genome) of poly(AT) tracts occur in xenopus and crab DNA (Greaves & Patient, 1985) . Specific functions have not yet been assigned to any of these sequences.
The presence of a second sequence, CGTTCGCACTT, common to VZV ORIs, HSV-10RIs and HSV-10RIL, was also noted. The ability of HSV-1 to activate VZV ORIs suggests that this sequence may also be involved in origin recognition. Site-directed mutagenesis within the conserved regions of the three origins should allow this hypothesis to be tested. Neither poly(AT) tracts nor CGTTCGCACTT occur within the EBV ori-P region, but it is interesting to note the presence of a 65 bp dyad symmetry element (Yates et al., 1984) .
Although VZV contains a functional origin in a position equivalent to that of HSV-10RIs, no such activity was detected in the region corresponding to HSV-10RIL. In addition, the VZV KpnI s fragment did not appear to suffer any deletion during cloning, strongly suggesting that virion DNA indeed lacks an origin at this location. Whether another origin is located elsewhere within the VZV genome is not yet certain. Analysis of the complete VZV sequence did not reveal other palindromic sequences which might represent origin components, although, because the DNA sequence was elucidated using cloned fragments, the possibility remains that such an element may have been deleted. It is pertinent to note that at least one region of VZV DNA (within KpnI e) which does suffer deletions upon cloning has been identified, but it is thought unlikely that these deletions result from the presence of inverted repetitions (Davison & Scott, 1983 . Finally, the possibility has not been excluded that VZV might contain an origin which, unlike the three origins involved in lytic herpesvirus growth which have been characterized to date, does not include a palindromic DNA sequence. We thank Professor J. H. Subak-Sharpe and Dr D. J. McGeoch for helpful discussions and for their criticisms of the manuscript.
